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4 Features of Dolphin Skin
- With Potential Hydrodynamic

Importance
Kramer suggesteC1d that dolphins has e a

compliant skini that enhances their hs rodý
namnic perfornmance b% damping incipient
turbulence 13.41. Kram r also was thie hist to
develop a synthetic vessel coating based
upon dolphin skin. Hiosseser. his coating
contained no mechanism for actis e %sib-ration
or for other adjustments to changing bound
ary layer conditions. Lang. tin addition to h1is

own studies of dolphin hydrodynamics. re-
vieswed the earlier wsork and es aluated the
various theories [51. Conicerning the itdea
that dolphins might activehý change their
skin surface to reduce hydrodynamnic drag.
he stated. "An alternate explatnation for los"
drag with regard to cetaceans is that the\
actively adjust the flex ibilit% anid nins emntci
of their skin to dlamp out the microscopic
disturbances in the laminnar boundarN laer.

* ~Betchov showed that the lamninar tiosk might
S be extended indefinitelý bN this mneans

~ ~ Several other authors has e suggested that

~-rf ~ W v '~~,r :-2 the skin of living dolphins, nmakes, adjust-
-19M I Aý. ments that improve boundlars laser condi-

- ~ tions to reduce drag durinig underssater
swimming [6. 7. 8, 9. 101. Their es dence
was based on skin anatoms . ners e structures~lie ssidespread belief that dolphins are in the skin, electrical potentials froni the

Sam H. Ridgway I capable of extraordinary swimming speed skin, or fromt microvibrations These ideas
Donald A. Carder was noted 2.5(X) s ears ago; bN Aristotle. A ho can best be sutnmnariied b\ a quotationirinm

Naval Commnand, Control and wvrote. -It Ithe dolphiril appears to be the Khomenko anid Khadzhinskis 191. 'One (if
Ocen SrvellnceCenerfleetest of all atnimals. mnarine anid terrestrial the reasons that dolphins are so Ii~drodP\

Biosciences Division (Hi sorm *loinialiiumt . In the first oft namicalkN perfect is that the\ actis el\ con-
more recent considerations oft dolphin hy- trol (b\ reflexes) their skiti. sshich tontanin
drodynatnic cet iciencs . Sir Johnt Gra\ in specific receptors connected to the ýenirail
1936 cited obsers ations of at felloss scientist nervous sN stCtt
wAho clocked a dolphin passinig fromn stern to Inner\ ation oft dolphini skin has, been die
bosw of a ship mnaking 8 5 knots, fromt \& hich scribed b\ Pialmrer and Weddell 17 .1I ad b>

lie calculated at s's itntining speed of 20 knots Hrio n hre 12 h is
I f.( ;as .~umauthors, we re especiallN impressed. sa\ uing11. ('ri\i asisueming that the dolphin could T he presence of longitudinall\ disposed

hav mniaie this speed for a consider- dermal ridges, the pat tented arrangecmnent i
ably loniger time. k (nc I tded that. s\ ith t uriti the collagen antd e lasti itIibers relIaied to
lent floAis the animial \s (ulIt have tio hase t Iem. toget her %k it h the pas sage of preternu

mnuscles ses en timecs stronger thatn those of nal neres tsh lrough tuntnels tin the base oif the
other inattiiials More inclined to belies epilernnal ritiges ito serve large :omnpl s. icr
that d~olph ins has e a niean s of ach tesin g initnals attached to papillar\ s a.lls il siiC

lamninar flliisslhe esperitienteti ssit rujbber ge st that the skin ii ist spec ia Ii id
-models tin an atteipt to determine ss hether pres;sure-transducing miechanismn The nuini

flexionr iif the both could prevent iturbot- bet and comtplex arrangenment of othei ners e
Ictice. his results we re i ocoic lusts e 11I.21 tertiti na Is in the skin fuili er suggest that the
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%kin i% inrstrumental iii e'lingll the dolphin Doinllr sorrialosensory evoked potentials com'plared to human

Ito bc.oifti' ,t5a-r of its biitIk iiiag, e in rt'ld

tlion it the " .1 icf aro ulnd it. in litIler 'ifird

that the skin has b)th tacile and proprio.cep vertex to snou

i,,. functioins a good case caln bn made out
for regarding the specialized Innervation of
the skin in urtuop.i truitl(1'uA as pan of a
complicated sensorl,-moltor mechanism 4 V 3

which permits the maintenance of laminar
floiw [ 71

Lende and Welker first studied dolphin
skin sensitivity in 1972 1131. They recorded
electrical potentials from an area of the con-
tralateral cerebral cortex to study the repre-
sentation of this area of somaitisensory+
cortex on :he 4kin surface. Using stimuli
such as tapping, or lightly touching or strok- I Up
ing the skin, or by allowing water droplets to v
fall on the skin, the investigators produced a
map of skin sensitivity based upon record-
Ings from this area of cortex. The greatest 2. Snout
sensitivity was found in "a broad zone ex-
tending below both eyes and ventrally 3. Melon
around the neck

Kolchin and Bel'kovich [141 used the 4. Flank
galvanic skin response (GSR) produced by 0
a 0.3 mm weighted wire to make a partial +
map of body skin sensitivity in the common
dolphin. Delphinus delphis. Of the body
portions studied, they found the dolphin to 5$v Human tmuous to
be most sensitive (10 mg/mm') in separate wrst
circular areas of about five cm diameter
around the blowhole and eyes. The snout,
lower jaw, and melon were found to be
somewhat less sensitive (10 to 20 mg/mm 2_),

while still less sensitivity (20 to 40 mg/mm 2 H
0 01 0.2 0.3 0.4 0.5 1 sec

was observed along the back in broad areas
both anterior and posterior to the dorsal fin Latency

The authors state that, "from an ecological I. Somatosensory evoked potentials from a dolphin compared to those from a hu-
point of view the results we obtained are not man evoked by a stimulus to the wrist. Human evoked potentials redrawn from Al-
unusual. The values for the threshold of sen- lison 125). Numbers indicate areas where stimuli were delivered to evoke the
sitivity to touch in dolphins are 10 to 40 responses shown. Recording leads were on the dolphin's right side and stimulus sites
mg/mm': this is close to the values for a
human being in the most sensitive skin areas.
the tactile surfaces of the fingers. the skin of

the eyelids, and the lips" 1141 Skin Sensitaty Map
Mtcrovibrattons. minute tremor-like vi-

brations that occur in warm-blooded animals E 1 E
at all times over the entire boxdy, have an 1 2 3 4

amplitude of about one to five pm at fre- i
quencies of seven to 13 Hz in relaxed hu-
mans This "minor tremor" is thought to be
important in maintaining body temperature

1151 Shivenng is believed to be a natural
amplification of this continuously present
tremor Microvibratnons in dolphin skin
were studied by Haider and Lindsley. who
observed that the dolphin skin exhibited mi-
crovibrations three or four times the amph-
tude found in human skin 161

Gross movements of the body surface
can be produced by contraction of suhcuta- 2. Map of dolphin skin sensitivity based on somatosensory evoked potentials. The
neous muscle The musiulu.• iutaneo(u. belly and genital area were not tested. i, most sensitive, followed by 2, 3 and 4 in
(formerly known as pann~u/u, (ar uti-)ti descending order.

94 lIlf ENGINEERING IN MIK)INI AND MIOlGY SWPl bon 19"3



W -w . .oVti.. W,' isj is el of iiiiix le ih.ii lie.. 1XiiC~ilil)ieL ..kIIi
IF) 111,H)1 % i~iii~l ad I ,i ik apalk.il~ ilit III,) file
fihe skil nl i s111 .1 111.11, ii n.111,1L I neii

the nust leI, it ,llud -1s hai~ket I lfil I heit
rpli'. I 4/11%'. uIJirm oi % is44 I C pt.. 1.111 5 O f(I dc
\cloped fin dolphins and oither mal.,l %khati,il

117,.1I 1 [his tinii sheeti il lutisti l me CiS2

miost ot thfe dlilphin s boils ecsiept for thet
laiiistuck. appendiage%. snoit mc1. nc I. .indI ~ ~mid-hack It lies htwi~een ihe otiit blubib'er
laver ihyp~iernuis and Inner blubber Ia~ist
of s ubcutaneous tat, andi in ihe botilenOs
dolphin. Iu rk iop truni Wlit Is, liV. to f our
cmn btloV. the skin surface

We replicated the experiiments ol Hlaider
1 6 3 tOu1VH o and Lindsle) 161 and extended thc ins estiga-

_____ ___ tions begun by Lendle and Welker 1 131 to

3. Frequency analysis of microvibrations from the dolphin's skin. A 60-s epoch of find out more about the sensit~iv t and re-
signal from a biomorph, positioned as shown in the drawing, was averaged on the spnsiveness of the dolphin skin. We sought
SD-350 spectrum analyzer to produce this plot. Major peaks in this period were at answers to the following question% Is the
5, 16, and 33 Hz. Significant peaks above 40 Hz were very rarely observed, dolphin epidermis sensitive to small vibra-

- -- _________-- ____ -- - ------- tions? Does the skin respond to loss -amphi-

tude vibratorN stimulation.) Does the dolphin

Microvibration response to vibratory stirmulation 0f dolphin S~in muscidus cuitaneous muscle that underlies
much of the skin make rapid conitractions fin

O W * Brno~phresponse to stimulation analogous to the
rapid "flyshaker" movements of similar
muscles in the horse?

ccelrornierAlthough the intracutaneous stnieture of

A M dolphin skin has received considerable at-
tention 17. 12. 19. 20. 211. the cutaneous

Oscilatorsurface has not been studied in nearly as
much detail. Geraci. et al. [201 mention the
existence of the ridges, but other V.riters

Stirmulus generally refer to the skin of dolphins and

-41 seck other small whales as "smooth." The appear
ance and orientation of cutaneous ridgesý
have been documented by RidgV~aý and

L___________-__ - _ Carder 1221. and by, Shoemaker and Ridg-
4. Response of dolphin skin as recorded from an accelerometer and a biomorph af- way 123 1. %. ho sugg est that cutaneous ridges
fixed to the skin on the side near the dorsal fin. Activity from both of these sensors may be an Important functional feature of the
continues after the stimulus. Arrows indicate activity before the following stimulus skin
in the series.

- ~Materials and Methods
microvibration response of dolphin skin to vibratory stimuiation

Physiological Studies
Elrrorph For each test, the dolphin subject (tV~i

adult females and olie adult maule bottlenose I
was placed in ia padded tank in a relatis ek

Osc illator (30 HZ stirMUluS)
- -- -. _________________________________________ ---- - fixed position v. ith its dorsal %urlaice and

iblowhole abose water Exposed skin sui-

EKG faces were kept "ett throughout the test pe-

Jr ~ ~ ~ ~ ~ ~ ~ ~ i it rul j - ~ ~ ,*, ~ , ~ ~ nd by sponging or misting V% fill %%ater

ForceThe two t pcs oif mechanical stimtulaition

used were at moving coil shaker and .1 pie/io
ceramic htmorph 1241 The former ptresented
stimuli%%fil ith great s arietN of frequencies

Phase and amplitudes, the later %kias used to present
Pae lo%% amplitude tactile stimulatiiin Bloth

sect ~~~ipe% ha sc been eniplov ed fint hu man sibitt

- - - tactile studies A function generatortcontrol5. Response to vibratory stimulation at 30 Hz. Arrow shows activity prior to the led stimulus rate and triggered the signal
stimulus.-Just one of.a series. Activity recorded by the biomorph continues foravrgncoptsimlsaendn
more than one s after the stimulus is terminated. ters-als were aried Finger. tapl and %%a.iet

Sqwilsv I"3 IMt [NIGNIEFIFING IN MEDKINI AND 3ffftOGY is



.414'ii' ,4 til ctiiii ill ~ C ",tki 't At. sI, . 4k, A

III. I> 1ntI [.t -N 111%d Wlits Ituh II,..A it, It, I

dci I I . 11, IN I111 It l1 i

t. I ,Nbersd the 1 II( III aI C 4iCI. Ir i1t Itl, IIIJ

thc~~~~i cuaici' og I hedhin I. i III 0C c,1

"ph0 111 it, ka h It li id e.114.1p 1 little I'Lhe II 4 ni l

tatiti.11111 and nicsde hisiitgicaI 'tiiii.Fh

11the orientatio ndg, ki the cutahneu nAm "il:

Haist n njch~ological sections oretd so)heit

axis of the body %&ere made fli Skill se.itLIIM
taken from one dolphin I'lhe ýection' Atec

taken 25 cot Posterior toi the bohitsol an.od
10 crn to the left of the dorsal niidliiic I )ti
Ing proc~essing for histology (mnounting Iin
paraffin. sectioning on a mnicrotoinic. and
mounting on microscope slidest. ste took
care that the sections were rcgistered ml' ihat
shrinkage or stretching could not distort the
ridges which were visible readilsý hen ,een
froni the surface or front the lateral mnargins
oif the skin section (%ee also 122. 231)

Results

a Dolphin Skin Sensitivity
We used the somatosensors exoked po

tential (SEP) to obtain a gross, map (ti dol-
phiti skin sensitivity. Figure I shots'.
averaged potentials evoked by % ibrating the

0.6 cmdolphin skin compared to evroked potential.,

from the human wrist 125). Figure 2 sot

a rough map of dolphin skinse'tsi.
based on the SliP.

Nlicrovibraf ions in
Absence or Stimulation

In our dolphin subjects. mnicros ibraition
amplitude peaks usually were c-, ident in oine
or more frequency hands of, four to littleI I/.
13 to 20 Ili. 27 to 39~ Hz. 45 to 64 11/'. and
75 to 85 Ili The highest amplitude peak %A as
never above the 45 to 64 14/ range Micro%
brations Iin the 75-85 Hli range Aciec alstass
less than one or tmore other peaks, arid absent
"shen peak actoiv0 was Iin the 27 11) iI;

It wcv accept the reasonable coticlusiito
that actim.it peaks recorded in the lItiT ito

6. a I sketch shfivi ing oi~reniaii~ of (tit'clancous ridge% on a bottlenose dolphin, hi 2x eih IIragwee ailduiibeth
photograph to( thi' %kini almwi 24 vini posferior lo the blos. hole and about 10 cm laf - (blos. sI. hod'. movements. and large skeletal
ertul toi the dorsal midjiinej " here ridges rtan perpendicuilar to long axis or body. c) A mucectrciin.hnte ao iirs
los.% -jp.tvir pholtonitiruugraph tii a sitecion tfpf'kin taken parallel to the long axis. hration actis its in our expenmncivs Asas in the

86 (Iff INGINIFFAING IN MEDI(IN( AND VItOLOGY **ptmbe IM9



characteri'stic Iapid gioss Is' i. i'i1 11c 1, Ihat
call he ohserved Irom the hi• it"s 11

,haker "

Cutaneous Ridges
All dolphins wc obserr\ed had niall.

regular cutalncoLIs ridges .mct r I10i (if the
surface of their biolics tlHg ii; Thece ridge

usually were faint at the surface of the skkin
and could nog be- seern fromi a di ,lancc, horw
ever. they were nearly ala}s isihibl' upon

close inspection of the sIkin of the hising
animal. The ridges were espccially eas, to
observe at an appropriate oblique angle or
with a low-power magntf~ ing lens 122. 231

Cutaneous ridges were noi proirnei on
the snout, melon, or lower jaw. They became
prominent at the level of the blo, hole and

eyes. From about the blowkhole back to the
dorsal fin. their orientation \&as perpendrcu-

7. Drawing of a dolphin swimming through Pacific Ocean waters containing biolumi- lar to the long axis of the hod\ . The ridges

nescent organisms. Turbulence excites the organisms causing them to luminesce. ran circumferentially around the occipital.

The trunk between the eye and dorsal fin, where the cutaneous ridges run circumfer- cervical, and thoracic regions. lornn•n lines

entially, forming lines perpendicular to the direction of water flow, is free of turbu- perpendicular to the long axis of the bodN

lence. Drawn by L.E. McKinley from an underwater bubble on the R/V See Sea off and at right angles to the direcgion of w ater-

Southern California in the 1960s. (See also Ref. [21.) flow past the swimming dolphin. Thc ran
circumferentially around the base of the dor-

sal fin. but were not prominent on the tipper

13 to 20 Hz range (Fig. 3). Haider and Lind- sensors; however, when we repeated the part of the dorsal fin. The\ wxere not ob-
sley mentioned peak activity of 13 Hz in same stimuli with the same bimorphs and served on the flippers except near their in-
their dolphin subject 161. accelerometers using sorbathane or neo- sertion to the body. On a leel with or

prene rubber rather than the living dolphin's posterior to the dorsal fin. the ridges usually

Microvibrations during skin, this ongoing activity was never found. were oriented obliquely or, in sonme cases.
Vibratory Stimulation ol the Skin Since the CA was found only when we almost parallel to the body axis as showi n in

Figure 4 shows the results of vibrating vibrated the skin with frequencies of 20 to Fig. 6a, which is a sketch of the approsimlate

the dolphin's right side near the dorsal fin. 45 Hz. we next reasoned that CA may have arrangement observed in three dolphil,
The accelerometer was located on the skin been the result of a resonance phenomenon
about 10 cm posterior to the vibrating stimu- in the dolphin's elastic skin. However. since Discussion
lus, and the bimorph 10 cm farther on. The the CA was present less than 10 percent of Our studies indicate that dolphin skin is

* stimuli were presented in a series about l0 s the time, a purely physical phenomenon sensitive to vibrations or small pressure

apart. In this instance, activity from both seemed unlikely. If the CA is indeed a reso- changes on its surface. We ha,.e shown that
sensors continued (CA) after the stimulus nance in the dolphin skin. the resonance the most sensitive areas are located at the
was terminated. Low-level activity also was must be effected by internal properties of the angle of gape. and around the eses. snout.

registered (arrows) just before the succeed- skin. e.g.. muscle tension or blood pressure melon. and blowhole (Fig. 21 The e\act
ing stimulus. in dermal arterioles, magnitude of this sensiti\ it\ canl•ot he de-

Occasionally. continuing activity (CA) termined from our data. but we flild ]no rea-

was more pronounced, lasting over one s Electromyogram son todisagree with Kolchin and Bel'ko\ich

after a 30 Hz stimulus (Fig. 51. low-level In all of our expenments, we attempted who suggested that the most sellitl\C areas

activity (arrow) is evident just before the to insert fine wire electrodes into subcutane- of the dolphin skin are about as ensilsi\te as

stimulus as if the ammial anticipated the vi- ous muscle; however, we were not success- the skill oif the human lips and Iingers 1 141J

bration. This is quite possible .ince the strill- ful in recording FMG signals that correlated Since the whisker pits along the dolpltins

uh were given in regular imnervals of five to with the stimuli we presented or with the snott are well innervated, we esxpected to

21) s. In this case (Fig 5. the LK(i shows dolphin's responses (SFPs. CAs. ormicro%i- find them to be more sensime than the sur

prolonged heartbeat intervals around the be- brations) Thus, we were not able to prove rounding skin of the snott and adjacent area,,

ginning and ending of the % ibration whether or not the mu.iIcuhu.% curaneouts is of the head. The stituli we eimpl•,,cd did not

A stimulus of 50 Hi/ given five s atter the involved in the tiny movements that we oh produce greater responses from tilhe area of

termination of a 30 IH/ stmnulus resilted in served as microvibrattons or as CA. the snout containing the whiske pits Per

no ('A. however. CA. from the prior 1(0 If/ It is Possible that the subetitaneous mus- haps the pits are sensitive to sonic special

stimulus. continued to within two s of the tie is responsible for some skin movement. nied stimulus that we did not preteri

following 50 1-l \ibraion. ('A was seen but that discrete areas of the muscle or bun- On a dolphin's spindle-shaped hod.•.

onlh after vibrations in the 2Oto 45 H/ range. die groupings move specific areas of skill transition from laminar to turbulent flo"

Because the CA \%as at roughly the same Perhaps our electrodes were never in the might be expected in the area hblo\, tile

frequency as the stimulus. we astilled that right place at the right time However, we\ dorsal fin Supporting evidence for this has

such activity was an artifact produced b} the have never seen dolphin's skin make the been obtained by 1. F McKinle• \who oh

S.vea 1"3 IlMf ENGINERING IN MtDICINE AN0 LIOLOGY 87



sers ed Plact ftc s% hitc-sided doiphi, wts salirs 1:.(1 Wood and Michelle Redd\ re- 8ukiaRt:St rc.n)tktt.ttl'b,
Liti.i'nrl si bs thlqtidcit1:. s%%nl iiil \i vie si d the titan it 1script and made manl\ help- ittUsCies ot dolphtin,/tis k~ lho , X I S' '107 1

throuoch hto10lttrimescenit ss aeisi at nighit fI W-2 10it1sgesit1. 9 Khomenko RG. Khadzhinski~ G: kloi plt
Subsequentl\, he wa~s able to draw~ w~hat tic logical and functionnal princi pie% under I tig ,ui~
had obsers ed (Fig. 71. We had expected that Sain, H. Rtýia is Scn neous recepiton in dolphins Blii~tiko 8 (100 11

perhaps the skin of this transitioni area muoigh tir Sc ientitst. An ima) 1974,

be extrasensitive: however, our result% did Care in the Biosciences 1ll Kavan VPI: Resistance coefficient (it the dill
not show this. Division. Naval Coin- phtn. Bl~iloni8.3)- 35. 1974

The dolphin's nervous system detects ni and. Control, and I I Harrison RJ. Thurley KW: Fine structural
changes in pressure on its skin surface: how,- Ocean Surveillance Cen- IfIeatures of delphtitid epidernmis J Anat 111 498

e\ser. our results only suggest that the dol- ter. RDT&E Division. 5W,) 1972

phin's skin may reduce drag by moving His B.S. (1958) and 12 Harrison RJ. Thurlcit K": Structure of the
synchronously with small vibrations ini- D.V.M. (19601 degrees eptdermnis in Tiir~tiop% Iitlphlttnu, Oretnus. and
p ingingo on its .surface. are from Texas A&M University. He went Pliocoenii. In Hlarison RJ &l-d.). FunctionalAnio,

Our observations of CA and of occa- on to get a Ph.D. from the University of orny% of Marine Maolntml.% Academic Press, ton

sional amplifications of microvibrations Cambridge in 1973. Ridgway has worked in do.p457.17

suggest that the dolphin skin may be able to marine mammal medical care and physiol- 13. Lendle RA, Welker WI: An unusual sensors

adjust to pressure changes by amplifying ogy for more than 30 years. He is editor of a area in the cerebral neocones of the bottlenose
do)lphi n. Tursiops irtin situ. Blrain Resea'ori

normal microv ibrat ions. or by producing vi multi-volume series. Handbook of Marine 45:555-560, 1972.
brations with muscular contractions. Our Mainmnals. Academic Press, and author of 1.KlhnS e'oihV atl e~~(
studies suggest a mechanism by which the Dolphin Doctor. Fawcett, 1988. He can be 14n Kolchinu 5, elpkoic Zo' Tahctie 1henstist
dolphin skin might move or vibrate to im- reached at NCCOSC, NRaD, RTD&E 52:620-622. 1973ý
prove hydrodynamic performance as has Divisions, Code 514B, San Diego, CA 15 Rohracher It: Nftcrovihtraiion. pennaneti
been proposed 16, 7.9, 10,.261. Dolphin skin 92152. muscle-activity and constanc% of hotý -temipera
is probably sensitive enough to detect turbu- ture. Percept Motor Skillsi 19.) 99. 196'4
lent-flow. Drag may be decreased by de- Donald A. Carder is a 16. Sisson S, Grossman JD: The Anatom% of
creasing the pressure gradient in the adjacent Scientist in the Biological Domestic Animails. Saunders. Philadelphia. 1951
water layer. The skin may actively flex away -Sciences Branch. Naval 17. Murie J: On the organtization (if (ihe caaing
from higher pressure and toward lower pres- . Command, Control, and whale, Globicephalus meltis Trans, Zoo/og So(i
sure. Ocean Surveillance Cen- &)id8:235.30l. 1873

We cannot assume that all changes would ter. RDT&E Division. 18. Schulte H von W. Smith de FMI: The external
be aimed at reducing drag. In some cases. H is B.S. (1973) and M.S. characters, skeletal muscles and penipheral nerves,
i.e.. changing directions, stopping. or when (1977) degrees are from of Kogia brericeps (Blainville) Bull/Am Mus Nat
a mother "carries" an infant on her pressure - San Diego State Univer- Hist 38:7-72. 1918.
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